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A STUDY OF THE DYNAMIC RESPONSE OF 
VARIOUS EBR-II CONFIGURATIONS 

TO HYPOTHETICAL MALFUNCTIONS 
IN THE REACTOR SYSTEM 

by 

A. V. Campise 

ABSTRACT 

The dynamic response character is t ics of various 
EBR-II irradiation-configuration loadings were investigated 
by using the space-independent kinetics code AIROS-IIA for 
dynamic sinnulation of the reactor system. The basic dynamic 
model was first used on system malfunctions outlined in the 
EBR-II Hazards Summary Report and shown to give very 
good agreement with published data. Subsequent i r rad ia ­
tion core loadings were studied under various assumed hypo­
thetical accident conditions to establish the details of the 
dynamic response of various metall ic- and ceramic-fueled 
subassemblies. Dynamic response differences are noted 
under conditions of reduced and full coolant flow. Ceramic-
fueled subassemblies will tend first to release activity under 
all t ransient conditions with full coolant flow. Conversely, 
metallic-fueled subassemblies will l̂ end first to re lease ac­
tivity under loss-of-flow conditions for all the cases studied. 

I. INTRODUCTION 

The Experinnental Breeder Reactor II (EBR-II) is composed princi­
pally of a sodium-cooled reactor, an associated process systenn,' ' and a 
power plant with a design thermal-power capability of 62.5 MWt. The 
EBR-II core was designed to be fueled with either ^̂ ^U or plutonium. Cur­
rently it is fueled predominantly with ^U. The EBR-II was originally 
designed as an engineering facility to determine the overall feasibility of 
this type of reactor for central-station, power-plant application. 

In recent years the emphasis at EBR-II has been shifted toward its 
capabilities for irradiation in a fast-neutron flux. Using the EBR-II as an 
irradiat ion facility has involved testing various types of fas t - reactor fuel 
elements that may change the dynamic character is t ics of the core. There­
fore, the continued safe and reliable operation of the EBR-II requires a 
constant surveillance of these dynamic charac ter i s t ics . The required 
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safe ty s u r v e i l l a n c e invo lves a s tudy of the E B R - I I r e a c t o r and p r i m a r y 
coo lan t s y s t e m in t e r m s of the n e u t r o n i c and t h e r m o h y d r a u l i c s c h a r a c ­
t e r i s t i c s of the r e a c t o r s y s t e m and the i n t e r d e p e n d e n c e of v a r i o u s i n h e r e n t 
r e a c t i v i t y f eedback n e t w o r k s . To s i m u l a t e the E B R - I I r e a c t o r d y n a m i c s 
a c c u r a t e l y for s e v e r a l c o r e load ings , the AIROS-IIA digi ta l code w a s 
p r o g r a m m e d wi th v a r i o u s E B R - I I c o r e f u e l - e l e m e n t c h a r a c t e r i s t i c s . The 
AIROS-IIA code is a r e a c t o r - k i n e t i c s p r o g r a m with p r o v i s i o n s for 
t e m p e r a t u r e - i n d u c e d r e a c t i v i t y f e e d b a c k s . The AIROS-IIA code s o l v e s the 
s p a c e - i n d e p e n d e n t r e a c t o r k i n e t i c s equat ion; it conaputes the t e m p e r a t u r e -
induced r e a c t i v i t y f eedback in the s y s t e m by so lv ing a se t of equa t ions 
r e p r e s e n t i n g the spa t i a l h e a t - and m a s s - t r a n s f e r m o d e l for s e v e r a l r e p r e ­
s e n t a t i v e fuel c h a n n e l s in the E B R - I I i r r a d i a t i o n c o r e s . The AIROS-I IA 
d ig i ta l p r o g r a m was u s e d to m a i n t a i n a s u r v e i l l a n c e of the d y n a m i c r e s p o n s e 
c h a r a c t e r i s t i c s of v a r i o u s i r r a d i a t i o n c o r e s . 

In th i s s tudy, four E B R - I I c o r e s a r e c o n s i d e r e d . The f i r s t c o r e i s 
the o r i g i n a l E B R - I I des ign c o r e loading* l i s t e d in the H a z a r d s S u m m a r y 
R e p o r t ; ' th is c o r e con ta ined fuel e l e m e n t s of u r a n i u m - 5 wt % f i s s i u m a l loy . 
T h r e e s u b s e q u e n t c o r e s - - e a c h con ta in ing a v a r y i n g c o m p l e m e n t of e n c a p s u ­
l a t e d e x p e r i m e n t a l ox ide- fue l e l e m e n t s - - a r e a l s o c o n s i d e r e d . T h e s e c o r e s 
have been chosen to r e f l e c t c o r e - c o m p o n e n t and r e a c t o r m o d i f i c a t i o n s tha t 
have had a p r i m a r y inf luence on the dynamic r e s p o n s e of the E B R - I I . The 
c o m p o n e n t ma l func t ions c o n s i d e r e d h e r e a r e s i m i l a r to t h o s e l i s t e d in the 
H a z a r d s S u m m a r y R e p o r t . T h e s e componen t ma l func t ions inc lude a b n o r m a l 
o p e r a t i o n s of; (a) the con t ro l and safety r o d s , (b) the fue l -hand l ing g r i p p e r 
m e c h a n i s m , and (c) the p r i m a r y coolan t p u m p s . The v a r i o u s ma l func t ions 
a r e ana lyzed in the u n p r o t e c t e d m o d e , i . e . , no ac t ion by the p r o t e c t i v e s y s ­
t e m , and a r e fol lowed to the onse t of fuel m e l t i n g in e i t h e r a d r i v e r - f u e l 
s u b a s s e m b l y or an e x p e r i m e n t a l s u b a s s e m b l y . 

F u t u r e s t u d i e s of the dynamic r e s p o n s e of the E B R - I I i r r a d i a t i o n 
fac i l i ty wil l inc lude de ta i l ed eva lua t ions of the c o n t r o l and p r o t e c t i v e - s y s t e m 
ac t ions and of the v a r i o u s u n c e r t a i n t i e s in the p h y s i c a l p r o p e r t i e s of the 
m a t e r i a l s i n t r o d u c e d into the c o r e for i r r a d i a t i o n s t u d i e s . 

^Throughout this report "original loading" will refer to the EBR-II design core loading listed in the 
Hazards Summary Report.! 
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II. PHYSICAL CHARACTERISTICS OF VARIOUS 
E B R - I I CONFIGURATIONS 

A. O r i g i n a l E B R - I I Des ign 

The o r i g i n a l E B R - I I c o r e had an equ iva len t d i a m e t e r of 19.4 in . , 
w a s 14.22 in. high, and had an a c t i v e vo lume of 66.3 l i t e r s . It was fueled 
wi th e l e m e n t s of u r a n i u m - 5 wt % f i s s i u m that had a fue l -p in d i a m e t e r of 
0 144 in . , a s o d i u m - b o n d annulus of 6 m i l s , and a c ladding t h i c k n e s s of 
9 m i l s . F i g u r e 1 shows the g e n e r a l a r r a n g e m e n t of r e a c t o r c o r e and 
v e s s e l , and F i g . 2 p r e s e n t s a s c h e m a t i c of a s t a n d a r d d r i v e r - f u e l s u b ­
a s s e m b l y con ta in ing 91 e l e m e n t s . De ta i l ed des ign f e a t u r e s of the o r ig ina l 
E B R - I I c o r e load ing a r e given in Appendix D. 

T a b l e I l i s t s the c h a r a c t e r i s t i c s of the E B R - I I as d e s i g n e d and as 
s u b s e q u e n t l y o p e r a t e d . Al though the p lan t was d e s i g n e d to o p e r a t e at 
62.5 MWt, it w a s o p e r a t e d at 45 MWt unt i l Augus t 1968. The o p e r a t i n g 
p o w e r was then r a i s e d to 50 MWt.* M o r e o v e r , the out le t s o d i u m t e m p e r a ­
t u r e s h a v e b e e n kept be low 900°F, but the c o r e vo lume has been i n c r e a s e d 
f r o m 66.3 to 91 l i t e r s . F i n a l l y , the c o m p l e m e n t of fueled e x p e r i m e n t a l 
s u b a s s e m b l i e s has been v a r i e d be tween 10 and 20 a s opposed to no e x p e r i ­
m e n t a l s u b a s s e m b l i e s in the o r i g i n a l des ign s tudy . In the k ine t i c a n a l y s i s 
of the E B R - I I c o r e , two p o w e r l e v e l s will be c o n s i d e r e d : (a) 62 .5 -MWt 
d e s i g n c o n d i t i o n s , and (b) o p e r a t i o n of E B R - I I as an i r r a d i a t i o n faci l i ty 
at 45 MWt. 

S u m m a r i z e d in T a b l e II a r e the r e s u l t s of the o r i g i n a l t h e r m a l 
a n a l y s i s of the m a x i m u m t e m p e r a t u r e s in tlje c o r e and b lanke t of E B R - I I 
at 62.5 MWt. P r e d i c t e d and m e a s u r e d i s o t h e r m a l t e m p e r a t u r e coeff ic ients 
for the o r i g i n a l c o r e a r e p r e s e n t e d in T a b l e III . T h e s e coef f ic ien ts w e r e 
u s e d in c o n s t r u c t i n g the feedback m o d e l for the o r ig ina l E B R - I I c o r e con ­
f i g u r a t i o n at 62 .5 MWt. 

B. V a r i o u s I r r a d i a t i o n C o r e s Conta in ing E n c a p s u l a t e d E x p e r i m e n t a l 
S u b a s s ennblies 

In s u p p o r t of the L iqu id Meta l F a s t B r e e d e r R e a c t o r P r o g r a m , 
E B R - I I was o p e r a t e d at 45 MWt to i r r a d i a t e a va ry ing c o m p l e m e n t of e n c a p ­
s u l a t e d ox ide , c a r b i d e , and m e t a l l i c fuel e l e m e n t s . T a b l e IV s u m m a r i z e s 
t yp i ca l f u e l - i r r a d i a t i o n e x p e r i m e n t s in the c o r e at v a r i o u s t i m e s d u r i n g 
r e a c t o r o p e r a t i o n , and T a b l e V shows r e s u l t s of the t h e r m a l a n a l y s i s of 
m a x i m u m t e m p e r a t u r e s of the m e t a l d r i v e r fuel at 45 MWt. 

The p r e d o m i n a n t e x p e r i m e n t a l fuel elennents have been p l u t o n i u m 
and u r a n i u m o x i d e s . T h e r e f o r e , in s tudying the d y n a m i c r e s p o n s e of 

*A demonstration run at 62.5 MWt was carried out during Sept 1969. 
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TABLE I, General EBR-II Physical Characteristics 

System Parameter 
EBR-II Design Conditions 

from Hazard Summary Report^ 
I Operating Conditions 
Analyzed Here 

Reactor power, MWt 

Inlet sodium temperature, °F 

Outlet sodium temperature, ^F 

Reactor coolant flowrate, gpm 

Core volume, liters 

Number of experimental subassemblies 

62.5 

700 

900 

9200 

66.3 

0 

45a 

700 

832l> 

9200 

91 

10-20 

^Increased to 50 MWt in August 1968. 
"increased to 8470F in August 1968. 

TABLE II . Maximum Temperatures in EBR-II Core and Blanket Elements at Reactor Power of 62.5 IVtWt 

(No uncertainty factors) 

Heat flux at element surface. Btu/tir-ft^ 
/Maximum in zone 
At point of maximum uranium temperature 

Coolant flow in hottest subassembly 
Flow rate, Na at 800"F, gpm 
Flow velocity, avg, fps 

Temperatures in tiottest ctiannel, °F 
Uranium maximum 
Coolant at outlet 
Coolant at inlet 
Coolant temperature rise, inlet to outlet 
Coolant at point of maximum temperature 

Temperature rises in hottest channel at point 
of maximum uranium temperature, °F 

Through uranium 
Through uranium-sodium interface 
Through sodium twnd layer 
Through sodium-clad interface 
Through clad 
Through coolant film 
Total element temperature difference 

Core 

929,000 
571,000 

93.7 
1S.8 

1,213 
1,037 

705 
332 

1,022 

105 
7 
8 
6 

39 
26 

191 

Upper Blanket 

106,000 
84,800 

93.7 
14.2 

1,051 
998 
993 

5 
993 

33 
1 
2 
1 

15 
6 

58 

Inner Blanket 

294,000 
279,000 

31.0 
19.3 

1,100 
906 
700 
206 
831 

186 
4 

10 
4 

52 
13 

269 

Outer Blanket 

57,400 
<300 

5.0 
4.2 

931 
931 
7W 
231 
931 

0 
0 
0 
0 
0 
0 
0 

Note: 'Uranium" here means fuel alloy or blanket uranium, as appropriate. 



TABLE III. Isothermal Tempera ture Coefficients of Reactivity 
in Original EBR-II Core Loading [in (Ak/°C) x 10^] 

Predicted 
Inferred from ZPR-3 

Measurements 

Core 
Axial growth of fuel 
Radial growth of fuel 

(displacement of Na) 
Axial growth of s t ructure 

(density change) 
Density change of coolant 
Radial growth of support s t ructure 
Doppler effect 
Bowing 

Gaps 
Density change of coolant 
Density change of s t ructure 

Upper and lower blanket 
Density change of coolant 
Radial growth of uranium and jacket 
Axial growth of blanket uraniunn 
Axial growth of jacket 

Inner blanket 
Density change of coolant^ 
Axial growth of blanket uranium 
Axial growth of jacket^ 
Radial growth of uranium and jacket 
Radial growth of support s t ructure 
Bowing 

Outer blanket 
Density change of coolant^ 
Axial growth of blanket uranium 
Axial growth of jacket^ 
Radial growth of support s t ructure 

-0 .39 

-0.09 

-0.039 
-0.87 
-0.97 

+0.04 (avg) 

-0.38 
-0.036 

-O.Zl 
- 0 . 0 1 6 
- 0 . 0 2 4 
- 0 . 0 2 1 

-0 .2 
-0.066 
-0.022 
-0.07 
-0.17 

0 

-0.017 
-0.014 
-0.003 
-0.034 

-0 .34 ± 0.02 

-0.057 

-0.033 
-0.98 
-0.92 

-0.33 
-0.04 

-0.0064 

-0.30 

-0.054 

-0.011 

-0.0012 

The experimental resul ts for these components are difficult to in terpret because radial 
boundaries, especially between core and blanket, a re not well defined. 

TABLE IV. Summary of Typical Fueled Irradiat ion In-core Experiments 

Experimental 
Subassemibly No. 

Type of 
Experiment 

Power Generation, kw/ft 

Maximum 

28.0 
15.5 
26.0 
15.5 

9.4 
23.0 
15.5 
15.4 
15.4 

8.0 
8.0 

Minimum 

19.6 
13.5 
17.2 
13.5 

8.2 
19.5 
13.5 
14.0 
13.5 

7.0 
7.0 

xoa9 
XG05 
XA05 
XG06 
XA07 
XOU 
XOIZ 
XOI 5 
XOI 7 
X019 
XO20 

PuC-UC 
UO2-PUO2 
{Pu-U)C 

UO2-PUO2 
U-15 wt % Pu-9 wt % Zr 

UO2-2O wt % PuOz 
UO2-2O wt % PUO2 
UO2-2O wt % PuOz 
UO2-2O wt % PUO2 
UO2-20 wt % PuOz 

UO2-PUO2 
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TABLE V. Maximum Temperatures in EBR-II Core and Blanket Elements at 45.0-MWt Reactor Power 

(No uncertainty factors) 

Core Upper Blanket Inner Blanket Outer Blanket 

Heat flux at element surface, Btu/hr-ft^ 
Maximum in zone 
At point of maximum uranium temperature 

Coolant flow in tiottest subassembly 
Flowrate of Na at 800°F. gpm 
Flow velocity, avg, fps 

Temperatures in hottest ctiannel. •'F 
Uranium, maximum 
Coolant, at outlet 
Coolant, at inlet 
Coolant temperature rise, inlet to outlet 
Coolant, at point of maximum uranium temperature 

Temperature rises in hottest channel at point of 
maximum uranium temperature, °f 

Through uranium 
Through uranium-sodium interface 
Through sodium bond layer 
Through sodium-clad interface 
Through clad 
Through coolant film 
Total element temperature difference 

Noter 'Uranium" here means fuel alloy or blanket uranium, as appropriate. 

i r r a d i a t i o n c o r e s conta in ing e n c a p s u l a t e d fuel e l e m e n t s , a typ ica l m i x e d -
oxide fuel e l e m e n t was chosen as being ind ica t ive of the r e s p o n s e of m o s t 
i r r a d i a t i o n e x p e r i m e n t s . The ox ide- fue l e l e m e n t s w e r e con ta ined in the 
E B R - I I e x p e r i m e n t a l i r r a d i a t i o n s u b a s s e m b l y shown in F i g . 3. The b a s i c 
fuel e l e m e n t was enc losed in a s t a i n l e s s s t ee l c apsu l e wi th s o d i u m bonding 
for hea t t r a n s f e r to the flowing coolant ou t s ide the c a p s u l e . T a b l e VI s u m ­
m a r i z e s the typ ica l c h a r a c t e r i s t i c s of the E B R - I I e x p e r i m e n t a l fuel e l e m e n t . 

669,000 

377,000 

68.2 

11.5 

1,106 
1,033 
705 
328 

1,033 

69 
5 
5 
4 
26 
18 
127 

75,400 
61,000 

68.2 
W.3 

1,032 
995 
990 
5 

990 

24 
1 
1 
1 
11 
4 
42 

212,000 
192,000 

22.6 

13.9 

1.024 

904 
700 
204 
838 

128 
3 
7 
3 
35 
10 
186 

41,300 

<200 

4,3 
3.0 

929 
929 
700 
229 
929 

0 
0 
0 
0 
0 
0 
0 

S e v e r a l i r r a d i a t i o n c o r e load ings s tud ied a r e l i s t e d in Tab le VII. 
T h e s e c o r e load ings c o r r e s p o n d to v a r i o u s r e a c t o r " r u n s " of s e v e r a l hun­
d r e d m e g a w a t t - d a y s each . Runs 16, 24, and 26 a r e c o n s i d e r e d typ ica l of 
the i r r a d i a t i o n c o r e s into which m a j o r c o r e modi f i ca t ions have been i n t r o ­
duced, and which t h e r e b y affect the dynamic c h a r a c t e r i s t i c s of the r e a c t o r . 
F i g u r e s 4 th rough 7 i l l u s t r a t e the g r id load ings for t h e s e v a r i o u s c o r e s 
and show the pos i t i ons of the e x p e r i m e n t a l s u b a s s e m b l i e s by X - s e r i e s 
d e s i g n a t i o n s . 

The t e m p e r a t u r e coeff ic ients for the v a r i o u s c o r e conf igu ra t ions 
w e r e ob ta ined by us ing S2 ca l cu l a t i ons wi th an R - Z r e p r e s e n t a t i o n of the 
E B R - I I c o r e . ^ The c r o s s - s e c t i o n se t u s e d for t h e s e c a l c u l a t i o n s h a s a g r e e d 
wi th the E B R - I I s t ud i e s of Z P R - 3 c r i t i c a l conf igura t ion as wel l as wi th the 
E B R - I I w e t - c r i t i c a l conf igura t ion ; t h e s e c r o s s s e c t i o n s a r e c o n s i d e r e d 
r e p r e s e n t a t i v e of the e n v i r o n m e n t in the E B R - I I c o r e . The t e m p e r a t u r e 
coeff ic ients a r e p r e s e n t e d in T a b l e VIII; the t e m p e r a t u r e - i n d u c e d f eedback 
va lues b a s e d on t h e s e coeff ic ients w e r e u s e d in c o n s t r u c t i n g a d y n a m i c 
m o d e l to d e s c r i b e the r e s p o n s e of v a r i o u s E B R - I I i r r a d i a t i o n c o r e s . 
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TABLE VI. Physical Charac te r i s t i cs of EBR-II Irradiation Core Fuel Elements 

t- , , . Metallic Driver Fuel „ , ^ . j 
r uc l - e l emen t Typical Oxide 

P a r a m e t e r Mark 1 Mark lA Experiment 

Cladding OD, in. 0.174 0.174 0.082 

Cladding ID, in. 0.156 0.156 0.252 

Cladding thickness, in. 0.009 0.009 0,015 

Na-annulus thickness, in. 0.006 0.006 Helium-bonded 

3-mil gap 

Fuel-pin diameter , in. 0.144 0.144 0.250 

Fuel -e lement length, in. 14.2 13.5 14.2 

Effective fuel density, % 85 85 90 

TABLE VII. Physical Proper t ies of EBR-II Irradiat ion Cores 

Run 16 Run 24 Run 25 Run 26 
Item (end) (end) (end) (s tar t) 

Number of subassemblies in core 75 81 88 91 

Material of inner radial blanket* Depleted U Depleted U Steel Steel 

Fuel type Mark I Mark lA Mark lA Mark lA 

Axial-blanket mater ia l Depleted U Steel Steel Steel 

Axial-blanket design Pin , Pin 50 Pin; 33 Pin; 

13 Trifluteb 31 Triflute^ 

Number of experiments 5 9 11 13 

Average core sodium tempera ture , "F 791 787 792 792 

Average fuel t empera ture , °F 911 911 911 911 

Average core steel t empera ture , °F 830 825 828 828 

Expansion of core radius, cm"̂  0.0347 0.0349 0.0364 0.0370 

Average sodium tempera ture in upper 
axial blanket, °F 881 876 884 884 

*Rows 7 and 8 of the EBR-II grid. 
'^Number of subassemblies with each design. 
^Expansion of reactor grid plate support. 
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T A B L E VIII. Ca lcu la t ed Values of Componen t s of E B R - I I P o w e r Coefficient 

Reac t iv i ty defec ts f rom 0 to 45 MW [-Ak x 10^] and t e m p e r a t u r e 
coeff ic ients of r e a c t i v i t y [ ( - A k / ° F ) x 10''] 

Run 16 Run 24 Run 2 5 Run 26 
(end) ( s t a r t ) 

43.6 40 .8 

I t e m (end) (end) 

Sodium in c o r e , Ak 44.7 40.7 

Sodium in c o r e Ak/°F 0.494 0.465 0.481 0.462 

Sodium uppe r r e f l e c t o r 
b lanke t Ak 29.6 30.9 40.7 40.1 

Sodium upper r e f l e c t o r 
b lanket , Ak / °F 

Sodium, in r ad i a l b lanket . Ak 

Sodium tota l , Ak 

Fue l . Ak 

F u e l , Ak/"F 

Stee l expans ion 
Axia l , Ak 
Axial and r ad i a l , Ak 
Radia l , I h / m i l 

Tota l r e a c t i v i t y defect 
No rad ia l expansion, Ak 
Radial expansion, Ak 

0-160 

5.9 

80.4 

44.6 

0.211 

8.7 
119 6 

3.8 

135,2 
225.3 

0.189 

7-2 

79.0 

43.6 

0.206 

9.1 
118.2 

3.4 

138.1 
250.3 

0.223 

3,6 

88.2 

42.3 

0.200 

12.4 
122.0 

3.3 

152,1 
255.7 

0 .222 

3,2 

84 .5 

4 .15 

0 .196 

17.9 
129.3 

3.3 

147.7 

253 .9 
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III MODEL FOR DYNAMIC SIMULATION OF THE REACTOR 

In this initial review of the dynamic response of the EBR-II 
irradiation cores , only the pronnpt feedbacks due to fuel and sodium 
coolant were considered. However, there are other important feedback 
networks m the EBR-II core, and these will be the subject of a detailed 
feedback model in future analytical studies of the dynamic response of 
EBR-II. The following three sections review these other feedback net­
works so that their effect on the outcome of the various transients can be 
evaluated with reference to the subsequent kinetic analysis presented in 
this report . 

A Reactor Tank and Vessel Arrangement 

Figure 8 is a schematic of the primary reactor tank and vessel 
showing the primary-coolant flow path.* Included are the high- and low-
pressure plena, the grid s tructure supporting the reactor core, and the 
blanket region. Although a small, negative structural feedback from the 
expansion of the core-support structure during the r ise to power exists, 
this contribution is not included in the feedback model used in this study. 
Figure 8 also shows the primary-coolant-pump suction and flow through 
the pr imary magnetic flowmeters where coolant flow is normally indicated. 
However, in a study of the loss of primary coolant flow, these flowmeter 
indications a re assumed to be inactive. Also shown in Fig. 8 is the inlet 
for secondary sodium. The secondary-sodium inlet temperature is 
reflected in the pr imary-tank coolant by a long time constant (several 
minutes as opposed to tenths of a second). This difference in time con­
stants has been observed in various systems studies. However, the effect 
of this difference has been omitted by assuming that the primary-coolant 
inlet temperature to the reactor is constant at 700°F. In future reports 
all these system variations will be included to study the overall effects on 
the dynamic response of the EBR-II core. 

Figure 9 shows details of the major components in the reactor 
vessel . As indicated, the control rods are grappled from the top of the 
reactor, so that during operations involving a change in core outlet-sodium 
temperature , there is a reactivity feedback due to the relative expansion 
or contraction of the control rods with respect to the reactor core. This 
feedback phenomenon is called the control-rod effect. Heating of the core 
outlet sodium and subsequent heat transfer to the control-rod supports 
are not included in this initial review of the dynamic response of the 
EBR-II core. The time constant of this effect is believed to vary over a 
wide spectrum of character is t ic t imes and is not as well-known as are 
the prompt effects caused by fuel and coolant. However, in all t ransients 
involving a change in core outlet-sodium temperature this negative control-
rod effect would be active and would have a limiting effect. 
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Also d i s r e g a r d e d in th i s r e p o r t a r e add i t iona l nega t ive feedback 
effects tha t o r i g ina t e in the ax ia l r e f l e c t o r s of the r e a c t o r . The reactor 
is a s s u m e d in t h i s r e p o r t to have a d e p l e t e d - u r a n i u m blanket l ike that o 
the o r i g i n a l c o r e , w h e r e a s subsequen t i r r a d i a t i o n c o r e s have had s t a in e s s 
s t e e l ax ia l r e f l e c t o r s . 

In th is in i t i a l r e v i e w of the dynamic r e s p o n s e of pas t E B R - I I c o r e s , 
the dynamic r e s p o n s e of the c o r e wi th only the p r o m p t f eedbacks of the 
fuel and coolant has been ana lyzed to a s s e s s the w o r s t c a s e and to show 
a g r e e m e n t wi th e a r l i e r ca l cu l a t i ons publ i shed in the H a z a r d s S u m m a r y 
R e p o r t . ' Subsequent s tud ies wi l l a t t e m p t to s i m u l a t e the t e m p e r a t u r e 
d i s t r i b u t i o n and g r a d i e n t s in the o the r c o r e componen t s to a s s e s s t h e i r 
l imi t ing influence on v a r i o u s types of hypo the t i ca l a c c i d e n t c o n d i t i o n s . 

F i g u r e 10 shows the a r r a n g e m e n t of s u b a s s e m b l i e s in the r e a c t o r 
v e s s e l , and dep ic t s the c o r e , the inner and outer b lanke t r e g i o n s , the 
con t ro l and safety r o d s , and the v a r i o u s i n s t r u m e n t a t i o n l o c a t i o n s in the 
c o r e . F i g u r e s 3, 11, and 12 show four types of fueled s u b a s s e m b l i e s u s e d 
in EBR- I I : the M a r k - A e n c a p s u l a t e d - i r r a d i a t i o n s u b a s s e m b l y and the 
M a r k - I and M a r k - I A d r i v e r - f u e l s u b a s s e m b l i e s . 

B. R e a c t o r Feedback Model 

F i g u r e 13 shows the g e n e r a l i z e d p o w e r - t o - r e a c t i v i t y f eedback 
ne twork for the EBR- I I r e a c t o r . Six d i f ferent t e m p e r a t u r e - i n d u c e d 
r e a c t i v i t y feedback paths a r e identif ied in this f igure and a r e d i s c u s s e d 
br ief ly below, but only the f i r s t two a r e ac tua l ly appl ied in th is s tudy . 

1. F u e l - e x p a n s i o n Effect 

Meta l l ic fuel pins will expand ax ia l ly dur ing a r e a c t o r p o w e r 
t r a n s i e n t to in t roduce a p r o m p t negat ive r e a c t i v i t y f eedback . The t i m e 
cons tan t for c e r t a i n p r o m p t t e m p e r a t u r e changes in the fuel with full 
r e a c t o r coolant flow has been compu ted by the ARGUS^ and AIROS^ 
p r o g r a m s to be of the o r d e r of 0.3 s e c . F u e l e x p a n s i o n in m e t a l fuel 
pins is the m o s t p r o m p t feedback effect in the E B R - I I c o r e . 

2. S o d i u m - d e n s i t y Effect in the C o r e 

As the sod ium coolant hea t s du r ing a r e a c t o r power t r a n s i e n t , 
the dens i ty of the sod ium wil l d e c r e a s e and i n t r o d u c e a nega t i ve f eed­
back caused by a s t rong i n c r e a s e in n e u t r o n l eakage out of the c o r e . 
The t ime cons tan t of this effect is in the r a n g e 0 .15-0 .2 s e c . 

3- Sod ium-dens i t y Effect in the" Axia l R e f l e c t o r 

As the sod ium is hea ted in the c o r e and e n t e r s the a x i a l 
r e f l ec to r , the d e c r e a s e d dens i ty in tha t r e g i o n a l s o i n c r e a s e s the n e u t r o n 
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leakage out of the reactor and introduces an additional negative reactivity 
feedback. The time constant of this effect is associated with the t ransport 
time through the core and the sodium density, and is in the range 0.20-
0.25 sec. The combined effective time constant of the fuel and sodium 
coolant is ~0.5 sec under full-flow conditions. Under reduced-flow con­
ditions the effective time constant of the fuel and coolant will increase due 
to the increase in the effective heat capacity of the combined system in the 
absence of coolant-flow heat removal. 
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4. Control-rod Effect'' 

The control-rod extension shafts extend fronn the pr imary- tank 
cover (through the reac tor -vesse l cover) into the active core . An extension 
shaft has a varied and complex temperature gradient across it during 
s teady-state conditions. For example, during a t ransient the shaft heating 
and relative control-rod motion caused by temperature changes in the 
shaft introduce a negative reactivity effect in the reactor . This effect 
is further complicated by nonuniform heating of certain portions of the 
shaft by various sodium-coolant s t reams . The portion inserted into the 
active core is heated by core-outlet sodium, whereas the portion located in 
the plenum is heated by the bulk outlet reactor sodium that includes cooler 
sodium from the blanket and from the outer regions of the core. That 
portion of the extension shaft which is heated by the core-outlet sodium is 
believed to introduce a prompt negative effect. This effect will be evalu­
ated in future studies on the dynamic response of the EBR-II core. Sub­
sequent heating by bulk sodium and by changes in the bulk-sodium 
temperature in the reactor tank are delayed but may be important in 
loss-of-flow t rans ients . The time constant for the control-rod effect 
may thus range from 0.1 to 20 sec. 

5. Sodium-density Effect in the Radial Blanket 

A change in sodium density in the radial blanket will produce 
a negative reactivity feedback because of increased radial leakage out of 
the core. This effect is prompt, but small, because of the low worth of 
sodium in the radial blanket and the small temperature change in the 
depleted-uranium fuel elements. Included in this feedback path is the 
blanket bowing effect that is associated with*the sodium coolant in the 
radial blanket. This is a complicated feedback, and it has varied over 
the life of EBR-II. At different power levels, the effect may be positive 
or negative, and an additional subroutine is required in the basic AIROS 
digital program to handle this varying effect. Fur ther studies of the 
dynamic response of the EBR-II will include this phenomenon and the 
appropriate time constant to evaluate its limiting effect on the various 
accident sequences. 

6. Expansion of Stainless Steel or Uranium in the Radial Blanket 

The negative feedback due to expansion of stainless steel or 
uranium is small because of the low worth of the mater ia ls in the blanket 
and the small temperature differences experienced. 

The six feedbacks described above constitute the major com­
ponents of a generalized feedback network that describes the phenomena 
involved in limiting any reactor transients in EBR-II. All feedbacks are 
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nega t ive with the one excep t ion of b l a n k e t - s u b a s s e m b l y bowing, wh ich m a y 
be pos i t ive or nega t ive . In th is f i r s t r e v i e w of the d y n a m i c r e s p o n s e of 
v a r i o u s E B R - I I c o r e s , only the f i r s t two p r o m p t f eedback p a t h s have b e e n 
followed. Subsequen t t r a n s i e n t s tud ies wil l i n t r o d u c e the l a s t four f eed ­
back ne tworks for a c o m p r e h e n s i v e eva lua t ion of the d y n a m i c c h a r a c ­
t e r i s t i c s of v a r i o u s E B R - I I i r r a d i a t i o n c o r e s . 

Table IX shows the b a s i c d e l a y e d - n e u t r o n da ta and o t h e r k ine t i c 
da ta used to s i m u l a t e the r e a c t o r k ine t i c s of E B R - I I . (The c o n t r i b u t i o n 
f r o m p lu ton ium-fue led e x p e r i m e n t s is neg l ig ib le . ) 

TABLE IX. E B R - I I R e a c t o r - k i n e t i c s Data 

De layed-
n e u t r o n 
Group A i i(a) 

A l 
(b) 

Delayed-
n e u t r o n 
Group .Ja) Xi (b) 

0.0347 
0.2034 
0.1847 

0.0127 
0.0317 
0. 1150 

0.4041 
0.1406 
0.0325 

0.3110 
1.400 
3.7800 

/3eff = 7.44 X 1 0 " ^ i p 

^^ 'Rela t ive abundance . 
' " / D e c a y c o n s t a n t s . 

1.55 X 10" ' s e c . 

F u e l - e l e m e n t Channels 

The t h e r m a l - k i n e t i c s s tud ies of v a r i o u s E B R - I I d r i v e r - f u e l 
and i r r a d i a t i o n - t e s t e l e m e n t s w e r e b a s e d on c y l i n d r i c a l g e o m e t r y wi th 
t h r e e axia l nodes in each r eg ion of the fuel e l e m e n t . T h r e e ax ia l nodes 
w e r e used in the m e t a l l i c d r i v e r fuel for E B R - I I : s o d i u m bond, c l add ing , 
and coolant channe l . In the oxide e l e m e n t , t h e r e w e r e a l s o t h r e e ax ia l 
nodes in the fuel; he l i um gas gap, c ladding , and coo lan t channe l . T h e s e 
fue l - channe l mode l s a r e shown in F i g s . 14 and 15. 

Only two types of fuel channe l s w e r e u t i l i zed in the d y n a m i c 
s i m u l a t i o n of the o r ig ina l E B R - I I c o r e . The f i r s t channe l was c a l l e d the 
peak f u e l - e l e m e n t channel , in which peak t e m p e r a t u r e s in e a c h h e a t -
t r a n s f e r node w e r e computed . The second channe l w a s c a l l e d the f eed ­
back fuel channe l , in which the t e m p e r a t u r e c h a n g e s w e r e c h a r a c t e r i s t i c 
of the ma jo r po r t i on of the c o r e . T h e s e c h a r a c t e r i s t i c t e m p e r a t u r e changes 
w e r e a s s o c i a t e d with a t e m p e r a t u r e coeff ic ient of r e a c t i v i t y to c o m p u t e 
the p o w e r - t o - r e a c t i v i t y feedback in a g iven power t r a n s i e n t . 

In the s tudy of the v a r i o u s i r r a d i a t i o n c o r e s wi th e x p e r i m e n t a l 
oxide e l e m e n t s , a f i v e - c h a n n e l r e p r e s e n t a t i o n was used . This r e p r e s e n t a t i o n 
was appl ied to the following types of e l e m e n t s ; 
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(1) the peak metallic driver-fuel element, 

(2) the feedback metallic driver-fuel element, 

(3) the encapsulated oxide-fuel element, 

(4) the inner-radial-blanket fuel element, and 

(5) the outer-radial-blanket fuel element. 

Various reactor temperature changes were monitored during 
these studies to ensure that no unexpected effect occurred in the transient 
and that there was an adequate representation of the core. A detailed 
theoretical description of the heat-transfer equation, the reactor-kinet ics 
equation, the reactivity-feedback representation, and the physical propert ies 
of the material chosen in this simulation are presented in the Appendixes 
with appropriate references. 
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IV. KINETIC RESPONSE OF VARIOUS IRRADIATION CORES 

The kinetic response of various irradiation cores was examined in 
the unprotected mode (i.e., no action by the protective system to limit the 
transient by sensing changes in the reactor environment). All transients 
except the loss-of-coolant-flow accident were carr ied to the onset of fuel 
melting in the peak EBR-II fuel element or in the experimental oxide speci­
mens. These initial investigations were not carr ied past the threshold of 
fuel melting because of the complicated phenomena that would occur. Future 
studies will cover the initial phases of fuel melting and coolant boiling as 
well as the potential interaction between driver fuel and its cladding, and 
will evaluate their influences on more severe core conditions in the EBR-II. 
In addition, the changes in the physical propert ies and configurations of i r ­
radiated fuel elements will be studied for their influence on the transient 
behavior of EBR-II cores. 

A. Component Malfunctions Considered 

Six hypothetical reactivity accidents and several loss-of-coolant-
flow sequences were considered in the EBR-II Hazards Summary Report . ' 
These accidents were chosen to describe the threshold of fuel melting and 
thereby the initiation of more severe temperature conditions. Each mal­
function sequence requires the complete inoperability of the control and 
protective system as well as the loss of administrative control. Many 
protect ive-system interlocks must be bypassed and existing circuits made 
inoperative for these accident conditions to prevail until the onset of core 
damage. Therefore, in the follo^ving study of the dynamic response of the 
EBR-II core, ŵ e have picked the inherent safety character is t ics of the core 
in these hypothetical nuclear incidents, and thus have to assume an incon­
ceivable breakdown in the control and protective system and an incredible 
lack of administrative control to carry out the analysis. All reactivity-
induced cases assume either full coolant flow through pr imary circuit or 
reduced flow (~5.5% of full flow). A flowrate of ~5.5% was chosen to sim­
ulate induced thernnal convection in the core when the primary pumps are 
turned off during shutdown and fuel handling. Only Case 7 of the seven con­
sidered belov/ assumes loss-of-coolant flow .̂ 

Case 1--The reactor is at the delayed-crit ical condition (zero power) 
with the safety rods out of the core. (The safety rods in EBR-II a re fuel 
subassemblies.) The safety rods are assumed to be driven into the active 
core in an uncontrolled manner at their normal speed of approximately 
2 in. /min. 

Case 2--The reactor is at the delayed-cri t ical , zero-power condi­
tion with the central driver-fuel subassembly removed. The central sub­
assembly is then assumed to be loaded into the core at a regular speed of 
6 in. /min. 



C a s e 3 - - T h e r e a c t o r i s at the d e l a y e d - c r i t i c a l , z e r o - p o w e r c o n d i ­
t ion with a s ing le con t ro l rod r e m o v e d . The c o n t r o l rod is then a s s u m e d 
to be d r i v e n into the c o r e in an uncon t ro l l ed s equence at 5 i n . / m m . 

C a s e 4 - - T h i s c a se is s i m i l a r to C a s e 3 excep t that the p o w e r t r a n ­
s ien t begins at full ope ra t i ng power (62.5 MWt for the o r i g i n a l c o r e and 
45 MWt for the e x p e r i m e n t a l c o r e s ) . 

C a s e 5- - In th is hypo the t i ca l a cc iden t the r e a c t o r i s a s s u m e d to be 
at the d e l a y e d - c r i t i c a l , z e r o - p o w e r condi t ion wi th a c e n t r a l d r i v e r - f u e l 
s u b a s s e m b l y being loaded into the c o r e . A f a i l u r e is then a s s u m e d to o c c u r 
in the g rapp le m e c h a n i s m , t h e r e b y d ropp ing a d r i v e r - f u e l s u b a s s e m b l y into 
the c o r e . In th i s condi t ion, r e a c t i v i t y adds r a p i d l y . T h i s i s the c l a s s i c 
hypothe t i ca l s t a r t u p acc iden t ; i ts o c c u r r e n c e in E B R - I I would r e q u i r e m a n y 
s i m u l t a n e o u s mal func t ions or m a l o p e r a t i o n s or both. 

C a s e 6 - - T h e r e a c t o r i s a t d e l a y e d - c r i t i c a l , z e r o - p o w e r cond i t i on 
with a c e n t r a l d r i v e r - f u e l s u b a s s e m b l y r e m o v e d . T h i s s u b a s s e m b l y is then 
i n t roduced a t the h ighes t speed of the g r i p p e r m e c h a n i s m (72 i n . / m i n ) to 
c a u s e a r ap id r i s e in r e a c t i v i t y in the r e a c t o r . 

C a s e 7 - - T h i s hypo the t i ca l a cc iden t i s the only s e q u e n c e involv ing 
l o s s of coolant flow. The a c c i d e n t s e q u e n c e is i n i t i a t ed by a r e a c t o r t r i p , 
followed by the l o s s of p r i m a r y pumping p o w e r . T h e s u b s e q u e n t t e m p e r a ­
t u r e t r a n s i e n t i s eva lua t ed . 

All s even hypo the t i ca l a cc iden t s e q u e n c e s "were app l i ed to the o r i g ­
inal E B R - I I c o r e loading . Subsequen t c o r e load ings con ta in ing oxide fuel 
w e r e sub jec ted only to C a s e s 1, 2, and 4, which a r e suff ic ient ly i n d i c a t i v e 
of the d y n a m i c r e s p o n s e s of t h e s e c o r e s . T h e s e t h r e e c a s e s inc lude an 
a t - p o w e r acc iden t and two j u s t - c r i t i c a l s t a r t u p s wi th a r a n g e of r e a c t i v i t y 
i n s e r t i o n s . 

No c r e d i b i l i t y is given to a c t u a l o c c u r r e n c e of t h e s e a c c i d e n t s e ­
q u e n c e s . Howeve r , t h e s e hypo the t i ca l a c c i d e n t s t e s t the i n h e r e n t safe ty 
c h a r a c t e r i s t i c s of the E B R - I I i r r a d i a t i o n c o r e s , and they p r o v i d e s o m e 
b a s i s for c o m p a r i s o n of v a r i o u s c o r e d y n a m i c r e s p o n s e s and t h e i r q u a l i ­
t a t ive effect on plant safe ty . 

B. O r i g i n a l E B R - I I Des ign at 62.5 MWt 

The AIROS-IIA d ig i ta l p r o g r a m was used to s i m u l a t e t he s e v e n 
hypothe t i ca l mal func t ion c a s e s d e s c r i b e d above . T a b l e X shows the a s ­
s u m e d r e a c t i v i t y r a m p r a t e s for s ix of the s e v e n a c c i d e n t s e q u e n c e s . T h i s 
t ab le a l s o shows the r e a c t i v i t y r a m p r a t e s i n f e r r e d f r o m m e a s u r e d v a l u e s 
for v a r i o u s c o r e c o m p o n e n t s in the Z P R - 3 c r i t i c a l a s s e m b l y . S o m e r e s u l t s 
obtained by us ing t h e s e m e a s u r e d v a l u e s on v a r i o u s a c c i d e n t c a s e s a r e 
p r e s e n t e d in the append ixes . 



TABLE X. Assumed Reactivity Ramp Rates Used for 
Malfunction Studies of Original EBR-II Core 
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Accident Simulation 

1. Safety rods driven into just-
critical core 

Z. Central driver-fuel subassembly 
driven into just-critical core 

3. One control rod driven into 
just-critical core 0.0040 

4. One control rod driven into 
core at 62.5 MWt 0.0040 

5. Central driver-fuel subassembly 
dropped into just-critical core 13.2 

6. Central driver-fuel subassembly 
driven at high speed into just-
critical core 0.24 

Inferred from ZPR-3 critical-assembly measurenrients. 

React 

Hazard 
Summary 

Report 

0.00667 

0.0200 

ivity 
EBR 

Ra 
-II, 

mp Rates in 
$/sec 

Inferred from 
ZPR-3 

Measurements^ 

0.0033 

0.0146 

0.0028 

0.0028 

5.6 

1. F u l l Coolant Flow-

Under full coolant flow al l seven hypothe t i ca l a cc iden t c a s e s 

a r e c o n s i d e r e d . 

a. C a s e 1 - - F i g u r e 16 sho\vs the power i n c r e a s e du r ing the 
o r i g i n a l loading at full coolant flow following an i n a d v e r t e n t i n s e r t i o n of 
the E B R - I I safety r o d s into a j u s t - c r i t i c a l c o r e . F i g u r e 17 shows the s u b ­
sequen t t e m p e r a t u r e i n c r e a s e in the peak m e t a l l i c d r i v e r - f u e l e l e m e n t . 
The f i r s t t e m p e r a t u r e r e s p o n s e o c c u r s 80 sec a f te r the beginning of the 
i n s e r t i o n of the safety r o d s ( indicat ing the effect of s t a r t i n g the t r a n s i e n t 
at v e r y low p o w e r ) . The m a x i m u m hea t ing r a t e obtained dur ing th is t r a n ­
s ient i s 3 7 ° F / s e c . At t h i s t i m e the r e a c t o r p e r i o d a t t a i n s i t s m i n i m u m of 
2.9 s e c . The onse t of c e n t e r l i n e fuel me l t i ng in the peak d r i v e r e l e m e n t 
o c c u r s 121 sec af ter the acc iden t s equence s t a r t s . At the t i m e of me l t i n g , 
the r e a c t o r p e r i o d has l eng thened to a p p r o x i m a t e l y 44 s ec , ind ica t ing the 
effect of the p r o m p t feedback f rom the fuel and coolan t . The m a x i m u m r e ­
ac t iv i ty i n s e r t e d dur ing th is t r a n s i e n t s equence is a p p r o x i m a t e l y bOp, with 
the net s y s t e m r e a c t i v i t y r e d u c e d to 2 3 ^ due to the t e m p e r a t u r e r i s e of 
the m e t a l l i c d r i v e r fuel. F i g u r e 17 shows the peak c ladding t e m p e r a t u r e 
at fuel me l t i ng to be a p p r o x i m a t e l y 1390°F, w h e r e a s the coolant t e m p e r a ­
t u r e i s only 1260°F. When the peak m e t a l l i c d r i v e r fuel r e a c h e s c e n t e r -
l ine m e l t i n g , the fuel in the feedback channel wi l l have a t t a ined a 
t e m p e r a t u r e of 1690°F, which is s t i l l below the m e l t i n g point of the fuel. 

b . C a s e 2 - - T h e c e n t r a l d r i v e r - f u e l s u b a s s e m b l y is i n s e r t e d 
into a j u s t - c r i t i c a l c o r e conf igura t ion du r ing the o r i g i n a l loading at full 
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coolant flow. The power burst following this insertion is shown in Fig. 18. 
Figure 19 indicates the temperature profile in the peak driver-fuel element 
following the insertion. The first temperature r ise occurs approximately 
35 sec after the sequence s ta r t s . The peak heating rate during this sequence 
reaches 110°F/sec, and the reactor period goes to a minimum of 0.96 sec. 
Peak fuel melting at the centerline occurs 49.8 sec after the start of the 
transient. The reactor period at the point of melting is 13 sec. During the 
entire transient the maximum system reactivity does not exceed 78/, and 
is reduced to 37^ at the point of fuel melting. Cladding temperature in the 
peak channel at the point of fuel melting is 1390°F, with the coolant at 
approximately 1270°F. 

The first sign of failure in these first two accidents is 
either melting in the peak fuel element or formation of uranium-stainless 
steel eutectic. This would be found to be consistently true in all reactivity 
incidents studied. 

c. Case 3--A single control rod is inserted into a jus t -cr i t ica l 
core during the original loading at full power. The power t race and reac­
tivity history following this inadvertent insertion are presented in Fig. 20. 
Figure 21 shows the subsequent temperature history of the peak fuel ele­
ment in the original EBR-II core configuration. As noted, the first sign of 
temperature r ise occurs 120 sec after initiation of the insertion. The max­
imum heating rate does not exceed 20°F/sec, and the shortest reactor per i ­
od is 4.5 sec. Centerline melting occurs approximately 220 sec after 
initiation. At the point of melting, the reactor period has increased to 
approximately 132 sec. During the entire transient the system reactivity 
never exceeds 52^ and is reduced to approximately 10/ at the point of fuel 
melting. Cladding temperatures in the transient never exceed 1420°F. The 
feedback fuel-channel temperature is approximately 1707°F at the point at 
which the peak fuel element mel ts . 

d. Case 4--A single control rod is assumed to be inserted 
into a core at 62.5 MWt during the original loading at full coolant flow. 
Figure 22 shows the power t race following this inadvertent insertion, and 
Fig. 23 shows that the fuel temperature r i ses immediately after the inser­
tion. The maximum heating rate during this transient is 13°F/sec, and the 
shortest reactor period is 97 sec. After 94.5 sec, the first sign of fuel 
melting occurs in the peak driver-fuel channel. At the point of fuel melting, 
the reactor period has increased to 122 sec; the system reactivity never 
exceeds 8.5/, and at the initiation of fuel melting it has been reduced to 
8.2/. 

All the above reactivity incidents are easily prevented by 
any one of a ser ies of protect ive-system networks presently installed and 
operational in EBR-II. 
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Fig. 22. Power vs Time after Driving One Control Rod into ; 
Core at 62.5 MWt and Full Coolant Flow 
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Fig. 23. Peak Fuel-element Temperatures after Driving One Control Rod 
mto a Core at 62.5 MWt and Full Coolant Flow 
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e. Case 5--A central driver-fuel subassembly is assumed to 
be dropped into a jus t -cr i t ica l core during the original loading at full cool­
ant flow. Although this is a highly improbable incident, it shows the response 
of the original EBR-II core to a large insertion of reactivity. Figure 24 
shows the power and reactivity history during this violent transient, and 
Fig. 25 shows the fuel temperature in the peak channel. The temperature 
begins rising 81 msec after the subassembly drops. The maximum heating 
rate is very large, and the shortest period obtained is less than 0.3 msec . 
Centerline melting occurs about 0.1 sec after the subassembly drops. This 
is the only reactor transient in which prompt criticality is achieved. The 
maximum reactivity inserted into the core is $1.08, but this is reduced to 
$0.99 at the onset of fuel melting. The cladding temperature never exceeds 
864°F, and the coolant temperature never exceeds 797°F. This indicates 
that all the heat is retained in the fuel pin. The feedback-channel fuel tem­
perature is 1668°F when melting begins in the peak fuel element. 

f. Case 6--A central driver-fuel subassembly is assumed to 
be loaded into a jus t -cr i t ica l core at high speed during the original loading 
at full coolant flow. The power burst following this insertion is shown in 
Fig. 26. Figure 27 shows the temperature profile in the peak fuel element 
following the insertion. The temperature r ise begins 4.1 sec after the s tar t 
of the transient. The maximum heating rate in this sequence is 660°F/sec, 
and the shortest reactor period is 14 msec . At fuel melting in the peak 
channel the reactor period is approximately 2 sec. This incident approaches, 
but does not reach, prompt crit ical . The maximum system reactivity is 
$0.99. but this is reduced to $0.76 by the prompt negative feedback from the 
fuel at the onset of fuel melting in the peak channel. The cladding tempera­
ture in the accident is approximately 1350°F in the peak channel, and the 
maximum fuel temperature in the feedback channel is 1670°F. Variations 
in the ramp rate and in feedback temperature coefficients have also been 
studied, and the resul ts are given in the appendix. 

g. Case 7--A normal reactor trip occurs but is followed by 
loss of power to the two pr imary pumps and by primary-flow decay. Fig­
ure 28 shows the power versus time (original loading--full coolant flow) 
following the reactor scram. The temperature transient in the peak dr iver-
fuel element is shown in Fig. 29. The fuel temperature r i ses to 1300°F and 
promptly decays as a thermal equilibrium is approached. The dashed curve 
shows resul ts from the Hazards Summary Report for this malfunction se­
quence and indicates excellent agreement with current theoretical methods. 

If any of the above incidents were actually to occur, the 
reactor protective system would shut the reactor down rapidly enough to 
prevent damage in all cases except Case 5. If Case 5 were to occur with 
complete loss of the protective system and administrative control, along 
with e r r o r s leading to higher-than-expected fuel enrichment, an appreciable 
amount of core melting would occur. In the complete absence of protection, 
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Fig. 28. Power vs Time after a Reactor Trip from 62.5 MWt 

100 125 

TIME. SEC 

Fig. 29. Peak Fuel-element Temperatures vs Time after a Reactor Trip 
from 62.5 MWt and Loss of Power to Primary Pumps 
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some of the other cases could also lead to an appreciable amount of core 
melting, but the time scale would be much longer. 

2. Coolant Flow--5.5% of Full Flow (Simulation of Thermal-
convection Cooling) 

In the previous sections, all system malfunctions were assumed 
to occur under conditions of full primary-coolant flow. Many of the cases 
involving a jus t -c r i t ica l core and fuel-subassembly handling may occur 
only with sodium-coolant thermal convection since all primary-coolant 
pumps are shut down. Therefore, the effect of reduced flow is studied in 
this section. The consequence of reduced flow is a greatly increased axial 
gradient in the coolant temperature during the reactor transient. Results 
of five of the seven hypothetical accident studies under reduced-flow condi­
tions are presented below: 

a. Case 1--Following the uncontrolled driving of the EBR-II 
safety rods into a jus t -cr i t ica l core during the original loading with only 
thermal convection cooling (5.5% of full flow), the power and reactivity will 
increase as shown in Fig, 30. Figure 31 shows that under the same condi­
tions the power burst is greatly reduced when flow is reduced due to in­
creased coolant tempera tures . In this figure the uranium-stainless steel 
eutectic temperature is reached 115 sec after the initiation of safety-rod 
insertion. The initial time of temperature r ise is 80 sec after the safety-
rod malfunction. The maximum rate of temperature change during this 
transient is 28°F/sec. The reactor period at the time of eutectic formation 
is ~70 sec. The system reactivity reaches $0.57, but at the time of eutectic 
formation it is reduced by temperature-induced reactivity feedbacks to 
$0.19. Figure 31 shows that eutectic formatibn is followed by bulk coolant 
boiling and fuel melting. At the point of coolant boiling, the AIROS model 
used is only approximate, so that the transient is not followed past this 
point. 

b. Case 2--This system malfunction involves the driving of 
a central driver-fuel subassembly into a jus t -cr i t ica l core during the or ig­
inal loading with only thermal convection cooling (5.5% of full flow). Here 
again, the power burst is reduced because of the increased coolant tempera­
ture. Figure 32 shows the power burst, and the subsequent fuel-element 
temperatures a re shown in Fig. 33. The uranium-stainless steel eutectic 
temperature is reached 45 sec after the initial malfunction. The initial 
temperature r ise in this accident s tar ts 40 sec after the insertion of the 
central driver-fuel subassembly. The maximum system reactivity during 
this t ransient reaches $0.75, but is reduced by systenn feedbacks to $0.41 
at the point of eutectic formation. The pr imary difference between aCase-2 
malfunction and ear l ier malfunctions at full pr imary-coolant flow is that 
the onset of fuel-element failure noŵ  involves cladding failure before 
centerline fuel melting. 
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Fig. 33. Peak Fuel-element Temperatures after Driving the Central Driver-fuel 
Subassembly into a Just-critical Core at Reduced Coolant Flow 

c. C a s e 3 - - D r i v i n g one c o n t r o l rod into a j u s t - c r i t i c a l c o r e 
(or iginal loading) dur ing r e d u c e d coolan t flow (5.5% of full flow) p r o d u c e s 
the power and reac t iv i ty d i s t r i b u t i o n s shown in F i g . 34; F i g . 35 s h o w s the 
subsequent fue l - e l emen t t e m p e r a t u r e s following th i s s y s t e m ma l func t ion . 
The u r a n i u m - s t a i n l e s s s t ee l eu t ec t i c t e m p e r a t u r e is r e a c h e d 165 s ec a f te r 
the ini t ia t ion of the t r a n s i e n t . The in i t i a l t e m p e r a t u r e r i s e , h o w e v e r , o c c u r s 
110 sec af ter the in i t ia l i n s e r t i o n of the c o n t r o l rod . The m a x i m u m r a t e of 
t e m p e r a t u r e r i s e in th is acc iden t is 1 5 ° F / s e c , with the s h o r t e s t p e r i o d a p ­
proaching app rox ima te ly 10 s e c . The m a x i m u m s y s t e m r e a c t i v i t y d u r i n g 
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Fig. 34. Power and Reactivity vs Time after Driving One Control 
Rod into a Just-critical Core at Reduced Coolant Flow 

Fig. 35. Peak Fuel-element Temperatures after Driving One Control 
Rod into a Just-critical Core at Reduced Coolant Flow 
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this transient is $0.48, but is reduced to $0.15 at the point of eutectic for­
mation. As noted earlier, the principal effect of allowing the coolant tem­
perature to increase during the reactor transient is to reduce 'he power 
burst leading to fuel-element failure by eutectic formation of the fuel and 
cladding. 

d Case 5--Following the dropping of a central dr iver-fuel 
subassembly i n t ^ T ^ ^ t - c r i t i c a l core during the original loading at reduced 
coolant flow (5.5% of full flow), the power r i ses rapidly as shown in Fig. 36. 
The reactor is prompt critical at about l\ msec following the initial drop 
of the subassembly. Coolant temperatures and fuel t empera tures r i se rap­
idly in this burst. Heat is added rapidly so that centerline fuel melting 
occurs before eutectic formation. The insertion rate is faster than the ef­
fective time constant of the metallic driver-fuel element. Eutectic forma­
tion would follow fuel melting and would occur 0.15 sec after dropping the 
subassembly. Figure 37 shows that under the same flow conditions the 
maximum rate of temperature r ise is very sharp, and that the equivalent 
power period is about 0.3 msec. With full pr imary-coolant flow, centerline 
fuel melting occurs in a similar time interval because the heat is not t r an s ­
ferred to the coolant soon enough for it to help in this worst accident case. 

e. Case 6--This malfunction involves a high-speed driving of 
a central driver-fuel subassembly into a jus t -c r i t ica l core, with only ther­
mal convection cooling in the primary coolant system. This reactivity in­
sertion is sharp, and the power burst and reactivity during the original 
loading at reduced coolant flow (5.5% of full flow) are noted in Fig. 38. The 
reactor does not achieve prompt critical, but approaches very closely, with 
a maximum system reactivity of $0.99. The system reactivity is reduced 
to $0.68 at the point of eutectic formation, which occurs 5.2 sec after the 
initial high-speed run. Figure 39 shows that under the same flow conditions, 
the eutectic temperature is the threshold of abnormal reactor conditions. 
This is followed by fuel melting and coolant boiling. 

C. Irradiation Cores Operating at 45 MWt 

Table VIII shows that the isothermal temperature coefficients of 
reactivity for fuel and sodium in the core have changed very little over the 
various reactor loadings from Runs 16 to 26. This lack of change is r e ­
flected in the similarity of the transient charac ter i s t ics of each of these 
cores. For the three studies involving reactivity insert ions, all three cores 
had similar dynamic responses. The assumed reactivity ramp rates for 
Cases 1, 2, and 4 are given in Table XI. 

The basic difference between the responses of these irradiat ion 
cores and that of the original EBR-II core loading is that the onset of fuel 
melting now occurs under conditions of full coolant flow in the peak oxide-
fuel irradiation experiments and under conditions of reduced coolant flow 



55 

o.oeo 0.085 
TIME, SEC 

Fig. 36. Power and Reactivity vs Time after Dropping a Central Driver-fuel 
Subassembly into a Just-critical Core at Reduced Coolant Flow 
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Fig. 39. Peak Fuel-element Temperatures after High-speed Driving of a 
Central Driver-fuel Subassembly into a Just-critical Core at 
Reduced Coolant Flow 

TABLE XI. A s s u m e d Reac t iv i ty R a m p R a t e s Used for 
Kinet ic Studies of E B R - I I I r r a d i a t i o n C o r e s 

Run No. 

Safety Rods 
J u s t - c r i t i c a l 
C o r e , $ / s e c 

C e n t r a l 
S u b a s s e m b l y 
D r i v e n into 

J u s t - c r i t i c a l 
C o r e , $ / s e c 

One C o n t r o l 
Rod Driven 
into C o r e a t 

45 MWt, 
$ / s e c 

16, 24, 26 0.0033 0.0146 0.0026 
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in the m e t a l l i c d r i v e r - f u e l e l e m e n t s . F i g u r e s 40 and 41 show the power 
t r a c e s and t e m p e r a t u r e c h a r a c t e r i s t i c s of the t h r e e i r r a d i a t i o n c o r e s 
(Runs 16, 24, and 26) following an a c c i d e n t a l i n s e r t i o n of the safety r o d s 
into a j u s t - c r i t i c a l c o r e d u r i n g full coo lan t flow. F i g u r e s 42 and 43 p r e ­
sen t the power and r e a c t i v i t y h i s t o r i e s and s u b s e q u e n t t e m p e r a t u r e p ro f i l e s 
of Runs 16, 24, and 26 following the a c c i d e n t a l i n s e r t i o n of a c e n t r a l d r i v e r -
fuel s u b a s s e m b l y into a j u s t - c r i t i c a l c o r e d u r i n g full coolant flow. F i g u r e 44 
p r e s e n t s the t e m p e r a t u r e p r o f i l e s of the s a m e t h r e e runs in a r e a c t o r c o r e 
a t 45 MWt and full coolant flow following the a c c i d e n t a l i n s e r t i o n of a 
c o n t r o l r od . 

Fig. 40. Power and Reactivity Increase after Driving Safety Rods into 
a Just-critical Core at Full Coolant Flow 



Fig. 41. Peak Fuel Temperatures vs Time after Driving Safety Rods 
into a Just-critical Core at Full Coolant Flow 

Fig. 42. Power and Reactivity vs Time after Driving a Central Fuel 
Subassembly into a Just-critical Core at Full Coolant Flow 
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Fig. 43. Peak Fuel Temperatures vs Time after Driving a Central Driver-fuel 
Subassemblv into a Just-critical Core at Full Coolant Flow 
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Fig. 44. Peak Fuel Temperatures and Power vs Time after Driving One Control 
Rod into a Core at 45 MWt and Full Coolant Flow 

1, Fu l l Coolant Flow 

Under fu l l -coolant - f low condi t ions , only t h r e e of the s e v e n 
hypothet ical malfunct ion c a s e s ( C a s e s 1, 2, and 4) a r e c o n s i d e r e d . 

a. Ca_se_l--Fol lowing the i n a d v e r t e n t i n s e r t i o n of the safe ty 
rods into a j u s t - c r i t i c a l c o r e , the f i r s t s ign of t e m p e r a t u r e r i s e o c c u r r e d 
after 140 sec . The m a x i m u m r a t e of t e m p e r a t u r e r i s e in the oxide fuel 
was 113°F/sec , and the m i n i m u m r e a c t o r p e r i o d w a s 5.4 s e c . F u e l m e l t i n g 
occu r r ed in the peak oxide-fuel pin 190 sec af ter the s t a r t of the a c c i d e n t 
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sequence. The oxide fuel melted before the metallic fuel because of its 
higher power generation and operating temperature , and the lower thermal 
conductivity (as connpared to metallic-fuel elements). The reactor period 
at the point of fuel melting was 59 sec. The peak reactivity inserted in this 
accident sequence was 49/ . and this was reduced to approximately 22^ at 
the onset of melting in the oxide pin. Figure 41 shows that the peak metal­
lic driver-fuel temperature did not exceed 1000°F, because of its lower 
power generation and operating temperature , and higher therinal 
conductivity. 

b. Case 2--A central driver-fuel subassembly is inserted into 
a jus t -cr i t ica l core. The first sign of oxide-fuel temperature r ise in all 
three core configurations considered occurred at approximately 50 sec. 
The maximum rate of temperature r ise in the oxide fuel pin was 300°F/sec. 
The shortest period achieved in this incident was 1.35 sec. Melting in the 
oxide-fuel pin occurred approximately 62 sec after the start of the mal­
function sequence. At the point of fuel melting, the reactor period had in­
creased to approximately 33 sec. The maximum reactivity during this 
sequence never exceeded 7 3 / and was reduced to 34/ at the point of fuel 
melting, because of the prompt negative feedback from the metallic driver 
subassemblies . 

c. Case 4--A control rod is assumed to be inserted after the 
reactor is at 45 MWt. A temperature r ise in the oxide pin occurs imme­
diately after the inadvertent insertion of the control rod. The maximum rate 
of temperature r ise in the oxide during this sequence was 125°F/sec. The 
shortest reactor period during the transient was 222 sec. Centerline-fuel 
melting in the oxide pin occurred 65 sec after the s tar t of the accident se­
quence. The reactor period had increased to'approximately 226 sec at the 
point of fuel melting. The maximum reactivity insertion and also the r e ­
activity at the point of fuel melting was approximately 4 / . 

No attempt is made in this report to character ize the volume 
of oxide fuel melting during a hypothetical transient. Instead, the onset of 
failure in the oxide pins was taken as the terminal point in these initial 
review studies of the dynamic response of EBR-II. 

2. Coolant Flow--5.5% of Full Flow (Simulation of Thermal -
convection Cooling) 

Under reduced coolant flow (5.5% of full flow) only two of the 
original seven hypothetical malfunction cases are considered. The behav­
ior of past i r radiat ion cores is dramatically different in the case where 
only thermal-convection cooling is assumed during a system malfunction. 
In the studies above in which full pr imary coolant flow was assumed, the 
experimental oxide fuel melted before any driver-fuel temperature reached 
levels of concern. With the pr imary pumps off and only thermal-convection 
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cooling p r e s e n t , f o r m a t i o n of the u r a n i u m - s t a i n l e s s s t e e l e u t e c t i c o c c u r s 
be fo re the e x p e r i m e n t a l oxide-fuel c e n t e r l i n e t e m p e r a t u r e r e a c h e s t he 
m e l t i n g point . The m a i n r e a s o n for th i s i s that now the coo lan t t e m p e r a ­
t u r e r i s e s v e r y rap id ly and g ives a s h a r p nega t i ve r e a c t i v i t y f eedback tha t 
l i m i t s the power b u r s t and t h e r e b y p r o t e c t s the ox ide - fue l e x p e r i m e n t s ; 
however , t h e r e is po ten t ia l for g r o s s f o r m a t i o n of u r a n i u m - s t a i n l e s s s t e e l 
eu tec t i c in d r i v e r - f u e l s u b a s s e m b l i e s . Only C a s e s 1 and 2 a r e c o n s i d e r e d . 

a. C a s e l - - F o l l c w i n g the d r iv ing of safety r o d s in to a j u s t -
c r i t i c a l c o r e (Runs 16, 24, and 26) conta ining e x p e r i m e n t a l oxide s u b a s s e m ­
b l i e s and m e t a l l i c d r i v e r fuel, and with only t h e r m a l c o o l a n t - c o n v e c t i o n 
cooling (5.5% of full flow), the power and r e a c t i v i t y b u r s t tha t fol lows a r e 
shown in F ig . 45 . F i g u r e 46 shows the r e s u l t i n g m e t a l l i c d r i v e r - f u e l e l e ­
m e n t t e m p e r a t u r e s and peak oxide c e n t e r l i n e t e m p e r a t u r e . F o r m a t i o n of 
u r a n i u m - s t a i n l e s s s t ee l eu tec t ic o c c u r s in about 115 s e c . At t h i s point , the 
peak oxide c e n t e r l i n e t e m p e r a t u r e is 1740°F. The m a i n c a u s e of the l o w e r ­
ing of the peak oxide c e n t e r l i n e t e m p e r a t u r e is the p r o m p t n e g a t i v e f eed­
back due now to r i s e in t e m p e r a t u r e of the fuel and coolant in a s i t u a t i o n 
w h e r e only aux i l i a ry coolant flow r e m o v e s the t r a n s i e n t h e a t . 

b. Case 2 - - T h i s mode l involves d r iv ing a c e n t r a l d r i v e r -
fuel s u b a s s e m b l y into a j u s t - c r i t i c a l c o r e (Runs 16, 24, and 26) con ta in ing 
oxide fuel e x p e r i m e n t s , m e t a l l i c d r i v e r fuel, and only a u x i l i a r y - p u m p 
coolant flow (5.5% of full flow). The power and r e a c t i v i t y b u r s t ( shown in 
F ig . 47) i s r educed due to the p r o m p t nega t ive feedback f rom the d r i v e r -
fuel and sod ium-coo lan t t e m p e r a t u r e r i s e in the r e a c t o r c o r e . F i g u r e 48 
sho"ws the peak f u e l - e l e m e n t t e m p e r a t u r e s for Runs 16, 24, and 26 at r e ­
duced coolant flow following the in i t ia t ion of th is ma l func t ion . F o r m a t i o n 
of u r a n i u m - s t a i n l e s s s t ee l eu tec t i c is r e a c h e d in a p p r o x i m a t e l y 46 s e c , 
and the cen te r l i ne t e m p e r a t u r e of the peak oxide is a p p r o x i m a t e l y 1680°F. 
Again the p r o m p t r i s e in the t e m p e r a t u r e s of the d r i v e r - f u e l and s o d i u m 
coolant l imi t the power b u r s t p r o t e c t i n g the oxide fuel e x p e r i m e n t s , but 
l eads to the fo rma t ion of a u r a n i u m - s t a i n l e s s s t e e l e u t e c t i c in the d r i v e r -
fuel e l emen t . 
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V. SUMMARY AND CONCLUSIONS 

A summary of the calculated dynamic responses under full-
coolant-flow conditions of a variety of EBR-II core configurations is 
presented in Table XII. Six of the seven hypothetical reactivity incidents 
were considered in reviewing the dynamic response of the original 
EBR-II core. In subsequent irradiation cores three accident sequences 
were studied, and the basic conclusions drawn are: 

(1) In the original EBR-II core loading, all reactivity incidents 
considered can be averted by action of the control and protective system, 
and by administrative control. 

(2) A sequence most probably leading to severe consequences in 
the EBR-II is the dropping of a central fuel subassembly into a just-
cri t ical core, along with a ser ies of malfunctions or maloperations in the 
control and protective system, and complete loss of administrative control. 

(3) The dynamic responses of various irradiation cores (Runs 16-24) 
are quite s imilar because the temperature coefficients of reactivity for 
each core have not changed significantly from the ear l ier character is t ics 
of the EBR-II core loadings. 

(4) The main difference between the dynamic response of the 
original EBR-II core and the later irradiation configuration is that the first 

TABtE X I I . Summary of Calculated Dynamic Responses of a Variety of EBR-II Core Configurations (Assuming 100% Coolanf Flow) 

Case 

No. 

"• 
2. 

3. 

4. 

5. 

6. 

2. 

3. 

Accident Simulation 

Safety rods driven into jus t -cr i t ica l 

core- -or ig ina l loading 

Central dr iver- fue l subassembly driven 
into just -cr i t ica l core--or ig inal loading 

One control rod driven into jus t -

cr i t ica l core--or ig inal loading 

One control rod driven into core 

62.5 frtWt--original loading 

Central dr iver- fue l subassembly dropped 
into jus t -c r i t i ca l c o r e - o r i g i n a l loading 

Central dr iver- fue l subassembly driven 
at ti igti speed into jus t -cr i t ica l core- -

or ig inal loading 

Safety rods driven into jus t -cr i t ica l 

core--Runs 16. 24, 26 

Central dr iver- fue l subassembly driven 
into jus t -c r i t i ca l core--Runs 16, 24. 26 

One control rod driven into core at 

45 MWI. Runs 16, 24, 26 

Time to In i t ia l 

Temp. Rise, sec 

•80 

-35 

=120 

-0 

0.081 

4.1 

140 

50 

-0 

Met 
Fu 

Dr 

llic 
el 
ver 

1 
Experimental 

fue l 
Oxide 

1 

Temperature 

in F 

M a x i m A i 
Rate of 

Temp. Rise, 

"F/sec 

37 

110 

20 

13 

234 « l o ' 

650 

113 

300 

125 

Transient 

el 

Shortest 
Reactor 

Period, 
sec 

2.')2 

OM 

4.5 

97 

000028 

O0141 

5.4 

1.35 

222 

Time to 
Centerl ine 
Melting of 

Fuel, sec 

121 

49.8 

220 

94.5 

0.0982 

515 

190 

62 

65 

Reactor 

Period at 
Melt ing, 

sec 

44 

13 

132 

122 

-0.012 

2 

59 

33 

226 

System Reactivity, $ 

Maximum 

0.598 

0.772 

0.518 

O0849 

1,075 

0.994 

0.486 

0.752 

O04 

At Time 
of Fuel 
Melt ing 

023 

037 

0100 

0.082 

0985 

0.760 

O760 

0343 

0.040 
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point of concern for fuel temperatures would occur in the oxide-fuel i r r a ­
diation experiments under conditions of full coolant flow. In the case of 
reduced coolant flow, the first points of concern are the driver-fuel 
temperatures . 

(5) As the number of irradiation experiments is increased, a more 
detailed analysis of the temperature profiles, reactivity coefficients, and 
dynamic responses of ceramic-fueled irradiation experiments is required 
to assess their influence on the overall core kinetics of EBR-II. 

(6) Under full-coolant-flow conditions the peak oxide-fuel elements 
undergo melting before the peak metallic elements. Therefore, initial core 
fuel melting will be noncoherent. Initial melting of an oxide-fuel element, 
however, would tend to reinforce the ramp insertion of reactivity in the 
core that initiated the excursion. Thus the rate of heating of the metallic 
(mostly driver) fuel would be reinforced. This would also resul t in ear l ie r 
action by protective circuits (period and power-level tr ips) , would tend to 
obviate the more catastrophic consequences which may be postulated, but 
might also tend to accelerate some defecting of driver fuel. 
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A P P E N D I X A 

T h e o r e t i c a l R e a c t o r M o d e l i n g 

F i g u r e 4 9 s h o w s t h e r e d u c e d p o w e r - t o - r e a c t i v i t y f e e d b a c k n e t w o r k 

u s e d i n t h e s e s t u d i e s . A t w o - c h a n n e l , h e a t - t r a n s f e r m o d e l w a s u s e d f o r 

k i n e t i c s t u d i e s of t h e o r i g i n a l E B R - I I c o r e , a n d a f i v e - c h a n n e l h e a t - t r a n s f e r 

m o d e l w a s u s e d t o s t u d y s u b s e q u e n t i r r a d i a t i o n c o r e s ( s e e F i g s . 14 a n d 1 5 ) . 

T-l-V-^ 

9 
o 

REACTOR 
TRANSFER 
FUNCTION 

POWER OUTPUT 
•P(s) 

\ , -kf(^) 

; 

\ , -'"clO 

) 

TEMPERATURF 
COEFFICIENT 
DUE TO FUEL 
EXPANSION 

TEMPERATURE 
;OEFFICItNT DUE TO 

SOOIUM DENSITY 
CHANGE IN CORE 

T,(s) 

,T,(S) 

TRANSFER FUNCTION 
OF HETAILIC 
DRIVER FUEL 

T,(s) 

TRANSFER FUNCTION 
OF SODMJM COOLANT 

Fig. 49. Reduced Power-to-Reactivity EBR-II Feedback Network 

1. T e m p e r a t u r e 

T h e b a s i c A I R O S - I I A h e a t - t r a n s f e r m o d e l u s e d i n t h e s e s t u d i e s i s 

s e e n i n F i g . 50 ( s e e Ref . 3 f o r d e t a i l s ) , w h e r e i i s t h e i n d e x f o r t h e a x i a l 

h e a t - t r a n s f e r n o d e s a n d j t h e i n d e x f o r t h e r a d i a l h e a t - t r a n s f e r n o d e s . 

N e g l e c t i n g a x i a l c o n d u c t i o n , t h e h e a t - b a l a n c e e q u a t i o n s f o r t h i s m o d e l a r e : 

a . N o n c o o l a n t N o d e s 

( p C p V ) . j T ^ j ( t ) - H i j N ( t ) + U A i _ j . j T i . j . i ( t ) - T i , j ( t ) ] 

+ U A i , j [ T i j + , ( t ) - T i , j ( t ) ] 

b . O u t l e t T e m p e r a t u r e M o d e l : C o o l a n t N o d e 

T i , j ( ' ) , { t ) . 

(1) 

(2) 

w h e r e 

T = t e m p e r a t u r e ; 

j = r a d i a l - n o d e index; 

i = a x i a l - n o d e index; 

9 = in le t t e m p e r a t u r e ; 
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Hj ; = the volumetric heat-generation rate; 

efficient across the right-hand 

(pCpV) = the density, specific heat, and volume of node (i,j). 

UAj ; = the overall heat- transfer coef 
boundary of node (i,j); 
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Fig. 50. Schematic Representation of the AIROS-IIA Heat-transfer Model 

2. Reac t iv i ty 

The net s y s t e m r e a c t i v i t y is obtained in AIROS-IIA f r o m the equat ion 

NF 
r( t) = r(o) -1- min( t i ,74) + ^ Aj6Tj(t) ; t < ( tg-t- to) , (3) 

where 

r(o) = in i t i a l r e a c t i v i t y in $; 

7 i = r a t e of l i n e a r r e a c t i v i t y i n s e r t i o n ( $ / s e c ) ; 

74 = m a x i m u m r e a c t i v i t y i n s e r t i o n ($); 

NF = n u m b e r of feedback equa t ions ; 

tg = t i m e (sec at which r e a c t o r t r i p s i g n a l i s s e n s e d ) ; 

' D = de lay t i m e (sec) be tween t i m e r e a c t o r t r i p s i g n a l i s s e n s e d 
and r e a c t o r t r i p ; 

. _ 6k 
•^j - j ^ - the t e m p e r a t u r e coeff ic ient of r e a c t i v i t y . 

j 

file:///cOOLANT
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Thus the reactivity feedback in each accident sequence is computed by the 
integral 

The variations in reactor power are obtained by solving the standard 
space-independent neutron equations for prompt and delayed p r e c u r s o r s ^ 
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A P P E N D I X B 

Dynamic R e s p o n s e Data (Survey C a s e s ) 

Tab le XIII s u m m a r i z e s the AIROS-IIA p a r a m e t r i c k ine t i c s t u d i e s 
of t r a n s i e n t c a s e s for the o r ig ina l E B R - I I c o r e load ing . 

TABLE XIII. AIROS-IIA Parametric Results for Kinetic Studies ol the Original EBR-II Core Loading 

iAssuming lOO^ coolant flow! 

Feedback Channel 

Time lo 
Melting, sec 

121 
il20|a 

202 

106 

178 

49,8 
1551̂  

M 

Relative 
Power 

135 

= 100 

133 

131 

130 

-m 

Reaclivily, 
i 

0.23 

= 0.17 

-0.425 

= 0.310 

0.37 

=0,37 

Mam 
Variable 

n 

n 

Of. a^ 

r j . Of. i c 

n 

n 

Cladding Coolant Fuel Cladding 
Temp, "F Temp, "f Temp, "F Temp, "f 

Coolant 
Temp. "F 

1-0 Safety roOs Driven into |ust-critical core: TI ' 
$0,0067/secr a, ^ -0.2S8 x lO'^ j fR; a^ -- 'DMA x 10"^ 

1-1 Safety rods driven into just-critical core: 
n • $0.0033/sec; Of -- -0.288 x lO'^; a,- ^ -O.Md x lO'^ 

1-2 Safety rods driven into just-critical core: 
r j • *0OO67/sec; a, -- -0,14S x lO'^; a^ -- -0.322 x UT^ 

1-3 Safety rods driven into just-critical core: 
r i = $0.0033/sec; Of •- -O.m X I0"3; Qj. ^ -0.322 x 10"' 

2-0 Central fuel sut)assembly driven into just-critical core: 
r j • $0.02/sec; a, = -0.288 x 10"^ o,- = -0.644 x 10"3 

2-1 Central fuel subassembly driven into just-crilical core: 
Tl - 0.0146; Of ^ -0,288 x 10"^; a^ - -0,644 x 10"^ 

2-2 Central fuel subassembly driven mlo just-crilical core: 
n • *0.02/sec; a[ -- -0.148 x tO-3; a^ ^ -0.322 x 10'^ 

2-3 Central fuel subassembly driven info jusl-critical core: 
n • 0.0146; a, ^ -0.148 X 10-3; Q^ , .Q 3^2 x lO"? 

3-1 One control rod driven into just-cntical core; 
r i ' $0.004/sec; Q, ^ -0.288 x W ^ ; O;- ^ -0,644 x lO" ' 

3-2 One control rod driven into just-crilical core: 
X] • $0,OM/sec; a, -- -0.148 x 10"3; a,- - -0,322 x 10"^ 

4-0 One control rod driven into core al 62.5 (VtWt: 
r ] • *0.004/sec; a, ^ -0.288 x lO"'; QJ. - -0,644 x lO" ' 

4-1 One control rod driven into core at 62.5 MWI: 

T] = $0.0028/seC; 0, = -0.288 x IQ-̂ ,- a^ - -0.322 x 10"^ 

4-2 One control rod driven into core at 62.5 MWt; 

yj • $0.004/sec; Of = -0.148 x lO"',- o^ = -0.322 x 10-3 

4-3 One control rod driven into core at 62.5 MWI: 

r i • t0.0028/sec; Of -- -0,148 x 10-3; Q^ . . Q J J J ^ 10-' 

5-0 Central fuel subassembly dropped into just-critical core: 
y, • »13.2/sec; a, ^ -0.288 x iO-3; 0^ ^ -0.644 x 10-3 

5-1 Central fuel subassembly dropped into jusl-criticat core: 
r j = $5.6/sec; Of -- -0.288 x 10-3; Q^ , .g y j ^ iQ-i 

5-2 Central luel subassembly dropped into just-critical core: 
Yi • *13.2/sec; Df ^ -0.148 x 10'3,. o,- ^ -0.644 x 10-3 

5-3 Central fuel subassembly dropped in just-critical core: 
r i = *5.6/sec; 0, = -0.148 x 10-3; ^^ . .Q544 , j(j-3 

6-0 Central fuel subassembly driven at tiigti speed into jusl-
critical core: r i ^ *0.241/sec; Of - -0 288 x iO-3-
a^ • -0.644 X 10-3 

6-2 Central fuel subassembly driven at higti speed into just-
critical core: n ' t0.24/sec; Qf ^ -0 148 x 10-3-
0^ - -0.322 X 10-3 

6-3 Central fuel subassembly driven at higti speed into just-
critical core: n ' *0.24/sec; Of ^ -0 148 x 10-3-
Qr • -0.644 X i r 3 

140-80)3 
(20-40(3 

(< 0.13)3 

0.248 

r i . Of. Oc 

n 

1260 

1260 

1261 

1263 

1270 

1263 

1255 

0.082 

0,063 

0.1175 

0,0964 

0.985 

0,966 

0.966 

0,978 

fl 

h 

Q(, Cc 

n . H Oc 

''1 

n 

Of, Oc 

n- °u °c 

= 1390 

1390 

1390 

1390 

=864 

1058 

707 

366 

'1265 

1265 

1265 

1265 

= 797 

989 

704 

791 

1595 

1668 

1702 

1650 

= 1519 

= 1558 

-1538 

*1412 

"MBO 

1428 

^Values presented in Hazard Summary Report (ANL-S719 and Addendum), 

Two bas ic v a r i a t i o n s w e r e s tudied for m o s t of t h e s e c a s e s : 

r ea r t i ' /^ "^.^^^^^^ ^^^<="^ty r a m p r a t e to c o r r e s p o n d with m e a s u r e d reaci iv i ty , and 

fuel evn?^ / e d u c e d p r o m p t nega t ive feedback to s tudy the effect of l o s s 
luei expansion, l a r g e c o r e s , e t c . of 
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1 . Reduced Reactivity Ramp Rate 

Under reduced reactivity ramp rate only six of the original seven 
hypothetical malfunction cases (and variations thereof) were considered. 

In Case 1-0 (Table XIII) the time required to melt driver fuel in 
the peak channel was 120 sec for normal prompt feedback and a ramp rate of 
$0.0067/sec. Reducing the ramp rate by 50% to $0.0033/sec (Case 1-1) in­
creased the time to melting by less than a factor of two (202 sec). Reducing 
the prompt feedback from fuel and sodium by 50% (Case 1-2) reduced the 
time to melting by only about 12% (106 sec). Finally, reducing both the ramp 
rate and prompt feedback by 50% (Case 1-3) increased the time to melting by 
50% (178 sec). The major effect in Case 1-0 was clearly the imposed reac­
tivity ramp rate . Figure 51 shows the power and reactivity versus time for 
Case 1-1 (normal feedback and 50% reduction in ramp rate), and Fig. 52 
shows the associated temperatures for Case 1-1. 

Similar resul ts were obtained for a Case-2 malfunction. Fig­
ure 53 shows the temperatures following the driving of a central fuel sub­
assembly into a jus t -cr i t ica l core (Case 2-1 ; reduced ramp rate and normal 
prompt feedback). Figures 54 and 55 show the power, reactivity, and peak 
temperatures for the same transient but with a reduction in prompt feedback 
as well as ramp rate . 
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Fig, 51. Power and Reactivity vs Time after Driving Safety 
Rods into a Just-critical Core at Full Coolant Flow 
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Fig. 52. Peak Fuel-element Temperatures after Driving Safety 
Rods into a Just-critical Core at Full Coolant Flow 
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Fig. 53. Peak Fuel-element Temperatures after Driving a Central Driver-
fuel Subassembly into a Just-critical Core at Full Coolant Flow 
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Fig- 54. Power and Reactivity vs Time after Driving a Central Driver-fuel Sub­
assembly into a Just-critical Core with Reduced Ramp Rate and Feedbacks 
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APPENDIX C 

Physical Proper t ies of Core Materials 

References 9-12 were used to establish the physical propert ies of 
EBR-II core mater ia l s . Summarized in Tables XIV through XXVI are the 
basic physical propert ies of EBR-II core mater ia l s . The AIROS-IIA program 
does not allow for a change m physical propert ies during the transient. 
Therefore, constant values were used for each of the basic physical proper­
ties; these values a re summarized in Table XXVII. Future studies of the 
dynamic response of present EBR-II irradiation cores will include some 
variation with temperature in the physical properties of core mater ia ls . 

TABLE XIV. Thermal Conductivity of Liquid Sodium 

T, °F k (Btu/hr-ft-°F) 

600 
700 
800 
900 
1000 
1200 
1400 
1600 
1800 
2000 

43.8 
42.2 
40.5 
39.0 
37.6 
34.7 
32.1 

29.6 
27.4 
25.0 

T A B L E XV. Densi 

k (Btu/sec-ft-°F) 

0.01217 
0.01172 
0.01125 
0.01080 
0.01044 
0.00964 
0.00891 
0.00822 
0.00761 
0.00694 

Density of Liquid Sodium 

T, °F 

400 
600 
700 
800 
900 

1000 

p, Ib/ft^ 

56.4 
54.7 
53.8 
53.1 
52.2 
51.4 

T, °F 

1200 
1400 
1600 
1800 
2000 

p, Ib/ft̂  

49.7 
48.0 
46.5 
44,8 
43,0 

400 
600 
700 
800 
900 

TABLE XVI, Viscosity of Liquid Sodium 

T, °F r,, Ibm/ft-hr T), \hy^it-sec 

1,05 
0,78 
0,68 
0,61 
0.55 

2.92 X 10"^ 
2.16 
1.89 
1.69 
1.52 

1000 
1200 
1400 
1600 

T. °F -n, lbr„/ft-hr T), I b ^ f t - s e c 

0.50 
0.44 
0.42 
0.40 

1.42 X 10" 
1,22 
1,16 
1,11 



80 

TABLE XVII. Specific Heat of Liquid Sodium 

T, °F 

200 
400 
600 
700 
800 

Cp, Btu/lb-

0.330 
0.320 
0.312 
0.308 
0.305 

°F T, °F 

1000 
1200 
1400 
1600 

Cp, Btu/lb-°F 

0.300 
0.300 
0.301 
0.305 

TABLE XVIII. The rma l Conductivity of Stainless Steel 

T, °F 

200 
400 
600 
700 
800 

k, Btu/hr-ft 

8.20 
9.10 
10.00 
10.40 
10.80 

°F k, Btu/sec-£t-

0.00228 
0.00253 
0.00278 
0.00289 
0.00300 

°F T, °F 

900 
1000 
1200 
1400 
1600 

k, Btu/hr-ft-

11.30 
11.70 
12.60 
13.40 
14.3 

°F k, Btu/sec-ft-°F 

0.00314 
0.00325 
0.00350 
0.00372 
0.00397 

TABLE XIX. Specific Heat of 
Stainless Steel 

400 
600 
700 
800 
900 

1000 
1200 
1400 
1600 
1800 

TABLE XX, Density of 
Stainless Steel 

Cp, Btu/lb-°F 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

123 
129 
132 
135 
138 
140 
144 
148 
152 
154 

T, °F 0, lb / f t ' 

400 
600 
700 
800 
900 

1000 
1200 
1400 
1600 
1800 

493,0 
490,0 
488.0 
486,6 
485,0 
483,0 
480,0 
476,5 
473,0 
469.5 

TABLE XXI. The rma l Conductivity of Uran ium-5 wt % F i s s i u m Alloy 

T, °C T, °F 

100 
200 
250 
300 
350 
400 
500 
550 
600 
650 
700 
750 

212 
392 
482 
572 
662 
752 
932 
1022 
1112 
1202 
1292 
1382 

k, c a l / s e c - c m - ° C 

0.048 
0.052 
0.055 
0.059 
0.061 
0.065 
0.072 
0.077 
0.083 
0.986 
0.093 
0,102 

k, B t u / s e c - f t - ° F 

0.003225 
0.003494 
0.003695 
0.003964 
0.004098 
0.004367 
0.004837 
0.005173 
0.005577 
0.005778 
0.006249 
0.006854 
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AH 
c a l 

5,3 
3 ,0 
3,1 
4 . 2 
3 .6 

AH 

c a l 

5.8 
3 .5 
3 .7 
4 ,4 
4 , 6 

TABLE 

T, °F 

a + 

200 
300 
4 0 0 
500 
560 

T. °C 

a + 

200 
300 
4 0 0 
500 
600 

6 + 

6 -

XXII 

UzRu 

UjRu 

. Specific 

Cp, Btu/ lb 

0,0265 
0.0300 
0.0310 
0.0420 
0.0600 

Cp, Btu/ lb 

0.0290 
0.035 
0.037 
0.044 
0.046 

Heat 

- ° F 

- °F 

of Uranium-5 wt 

A H 
c a l 

5.8 
3 .5 
3.7 
4 .4 

-
4 . 6 

-
4 . 7 

4 .1 

4 .9 
5.9 

% Fiss ium 

T, °C 

7 and 7 

200 
300 
400 
500 
560 
560 
600 
640 
640 
700 
750 
800 
900 

1000 

Alloy 

Cp 

+ UjRu 

, Btu/ lb-°F 

0.0290 
0.035 
0,037 
0.044 

0.046 

0,047 

0,041 
0,049 
0,059 

TABLE XXm, Density of Uranium-Fissium Alloy TABLE XXIV, Specific Heat of UO2 

wt % F i s s i u m p. g/< cc 

18.4-18.50 
18.1-18.30 
17.9-18.20 

17.80-18.10 
17.7-17.9 

p, lb/f t ' T, °C T, °F Cp, Btu/ lb-°F 

1150 
1130 
1120 
1110 
1105 

1159 
1140 
1139 
1130 
1120 

100 
200 
500 

1000 
1500 

212 
392 
932 
1832 
2732 

0.063 
0.067 
0.074 
0.078 
0.082 

TABLE XXV. Variation of Thermal Conductivity of UOz with Bulk Density 

p. g /cc 

8.4 
9 .0 
9 .2 
9.4 

k, W/ cm-

0.048 
0.055 
0.057 
0.0585 

C k, Btu/sec-f t -

0.0007707 
0.0008831 
0.0009152 
0.0009393 

° F P . gAc 

9.6 
9.8 

10.0 
10.8 

k, w / c m -

0.060 
0.062 
0.064 
0.070 

°C k, Btu/sec-f t -°F 

0.0009634 
0.0009955 
0.001027 
0.0011239 

TABLE XXVI. Thermal Conductivity of (0.2 Pu-0 .8 U)O2.04 

(p = 93.1% T.D) 

T, °C 

8 5 5 
911 
9 1 9 
924 

1011 
1061 
1200 

T, °F 

1571 
1671 
1686 
1695 
1851 
1941 
2192 

k, W/cm-°C 

0.0196 
0.0203 
0.0216 
0.0204 
0.0219 
0.0229 
0.0157 

k, B t u / s e c - f t - T 

0.0003147 
0.0003259 
0.0003468 
0.0003275 
0.0003516 
0.0003677 
0.0002521 

T, °C 

1325 
1334 
1384 
1375 
1514 
1523 
1533 

T, °F 

2417 
2433 
2523 
2507 
2757 
2773 
2791 

k, w / c m - ° C 

0,0205 
0,0200 
0,0209 
0.0216 
0.0225 
0.0235 
0.0225 

k, Btu /sec- f t - °F 

0.0003211 
0.0003211 
0.0003356 
0.0003468 
0.0003613 
0.0003773 
0.0003613 
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TABLE XXVII. Assumed Physica l P r o p e r t i e s for Initial Review 
of the EBR-II Dynamic Response 

Equivalent 
Tempera ture , Density, Conductivity, Specific Heat, Viscosi ty , 

Core Mater ia l °F Ib/ft^ Btu / sec - f t - °F Btu / lb - °F Ib / sec - f t 

Sodium coolant 

Stainless steel. Type 304 

Uranium-5 wt % F i ss ium 

PUO2-UO2 

1000 

1000 

1100 

2800 

51.4 

483 

1120 

640 

0.01044 

0.00350 

0.00550 

0.00036 

0.300 

0.140 

0.046 

0.080 

1.42 X 10 

-
-
-



A P P E N D I X D 

E B R - I I Des ign and O p e r a t i n g Data 

T a b l e XXVIII s u m m a r i z e s the m a j o r p h y s i c a l p r o p e r t i e s of the 
E B R - I I p o w e r p lan t a s o r i g i n a l l y p r e s e n t e d in the H a z a r d s S u m m a r y 
R e p o r t , ' ' ^ ANL-5719 and Addendum. 

TABLE XXVIII. Summary of EBR-II Design and Operating Data^ 

General 
Heat output, MW 62.5 
Gross e lec t r ica l output, MW 20 
P r i m a r y sodium t empera tu re , to reac tor , °F 700 
P r i m a r y sodium tempera tu re , from reactor , °F 883 
Prinnary sodium flow ra te , through reactor , gpni 9,000 
P r i m a r y sodium maximum velocity, in core, fps 23,8 
P r i m a r y sys tem sodium capacity, gal 89,000 
Secondary sodium tempera tu re , to heat exchanger, °F 588 
Secondary sodium tempera tu re , from heat exchanger, °F 866 
Secondary sodium flow rate , gpm 5,890 
Steam genera tor 

Output, Ib/hr 250,000 
Steam tempera tu re , °F 837 
Steam p r e s s u r e , psig 1,300 
Feed-wate r t empera tu re , °F 550 

Turbine throttle ' conditions 
Steam flow, Ib/hr 195,300 
Steam tempera tu re , °F 837 
Steam p r e s s u r e , psig 1,250 

Reactor Data (67-Subassembly Core) ^ 
Core dimensions 

Equivalent d iameter , in. 19,94 
Height, in, 14.22 
Total volume, l i ter 72.79 

Upper and lower blanket dimensions 
Equivalent d iameter , in. 19.94 
Length (each end), in, 18,0 

Inner-blanket dimensions 
Equivalent OD, in, 27,46 
Length, in, 55,0 
Radial thickness, in, 3,76 

Outer-blanket dimensions 
Equivalent OD, in, 61,5 
Length, in, 55.0 
Radial thickness, in. 17.02 

Core composition 
Fuel alloy, vol % 31.8 
Stainless s teel (Type 304), vol % 19,5 
Sodium, vol % 48.7 
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TABLE XXVIII (Contd.) 

Reactor Data (Contd.) 
Control and safety-rod composition (fuel section) 

Fuel alloy, vol % 21.3 
Stainless steel (Type 304), vol % 21,5 
Sodium, vol % 57 .2 

Upper and Lower Blanket Composition 
Uranium (depleted), vol % 30,3 
Stainless steel (Type 304), vol % 18,5 
Sodium, vol % 51,2 

Inner-blanket Composition 
Uranium, vol % 60,0 
Stainless steel (Type 304), vol % 19,6 
Sodium, vol % 20,4 

Outer-blanket Composition 
Uranium (depleted), vol % 60,0 
Stainless steel (Type 304), vol % 20,9 
Sodium, vol % 19,1 

Subassemblies 
Core 53 
Control (rod and thimble) 12 
Safety (rod and thimble) 2 
Inner blanket , £,0 
Outer blanket JJQ 
Total 637 
Configuration Hexagonal 
Dimension across flats, in, 2 290 
Hexagonal tube thickness, in, g 040 
Structural material ^Q^ eo~. 
Lattice spacing (pitch), in, 2 320 
Clearance between subassemblies, in, 0 030 

Fuel Elements (Pin-type, Sodium Bonded) 
Fuel pin chamber, in. 
Fuel pin length, in. 
Fuel tube 
Fuel tube wall thickness, in. 
Thickness of sodium bond annulus, in. 
Elements per subassembly 

Upper and Lower Blanket Elements (Pin-type, Sodium Bonded) 
Blanket pin diameter, in. 
Blanket pin length (total), in. 
Blanket tube, OD, in. 
Blanket tube wall thickness, in. 
Thickness of sodium-bond annulus, in. 

Blanket elements per subassembly (each end) 

Control and Safety Rods 
Configuration 

0,144 
14,22 
0,174 
0,009 
0.006 
91 

0,3165 
18,0 
0,376 
0,022 
0.008 
18 

Hexagonal 
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TABLE XXVIII (Contd. 

Control and Safety Rods (Contd.) 
Dimension ac ross flats, in, 1.908 
Fuel e lements Same as core 

subassembly 
Fuel e lements per rod 61 

Inner and Outer Blanket Elements (Pin-type, Sodium Bonded) 
Blanket pin d iameter , in, 0.433 
Blanket pin length (total), in, 55,0 
Blanket tube OD, in, 0,493 
Blanket tube wall thickness, in, 0,018 
Thickness of sodium bond annulus, in, 0.012 
Blanket elements per subassembly 19 

Fuel Alloy (Enriched Uran ium-Fiss ium) 
Total core loading, kg 385 
U-235 enrichment , at, % 48.4 
Cri t ica l m a s s - - U - 2 3 5 (clean, full power), kg 172 
Total mass of U-235 in core , kg 176 

Fuel Alloy Composition (Fissium) 
Uranium, wt % 95.0 
Zirconium, wt % 0.06 
Molybdenum, wt % 2.48 
Ruthenium, wt % 1-97 
Rhodium, wt % 0.29 
Pal ladium, wt % 0-19 
Niobium, wt % 0-01 

Fer t i l e Blanket Mater ia l (Depleted Uranium) 
Total blanket loading, kg 28,100 

Nuclear Data 
Total fissions c c / s e c at center of core 3,7 x 10 
Neutron energy distribution at center of core 

Flux above 1,35 MeV, n /cm^-sec 0,69 x l o " 
Flux below 1,35 MeV, n /cm^-sec 2,86 x lO'* 
Total neutron flux, n /cm^-sec 3.55 x^lO 

Prompt neutron lifetime, sec 8 x 1 0 

Reactor Control 
Full-flow power coefficients 

0-62.5 MW (no bowing), (Ak/k)/MW 
0-25 MW (with bowing), (Ak/k)/MW 
25-34 MW (with bowing), (Ak/k)/MW 
34-62.5 MW (with bowing), (Ak/k)/MW 

Doppler ef fect - -average (Ak/k)/°C 
Iso thermal t empera ture coefficient (Ak/k)/°C 
Total reactivi ty worth 

12 normal control rods, Ak/k 
2 safety rods, Ak/k 

-3,5 X 
-3,5 X 
+ 1,0 X 
-4,0 X 
<+0,04 
-3,6 X 

0,048 
0,013 

10" 
10-
10 
10 
X 

10 

b 

5 

- 5 

• 5 

10 
- S 



TABLE XXVIII (Contd,) 

Reactor Control (Contd,) 
Control rod 

Total 12 
Operating drive (each rod) Rack and pinion 
Velocity, in , /min 5 
Total movements, in, 14,0 
Scram drive Pneumatic 

Safety rod 
Total 2 
Operating drive Rack and pinion 
Velocity, in, /min 2,0 
Total movement, in, 14,0 
Scram drive Gravity 

Long-term reactivity effects (from clean to 2% burnup) 
Burnup of U-235 in core, Ak/k -0,02 
Buildup of plutonium in core, Ak/k +0,002 
Buildup ot plutonium in blanket, Ak/k +0.0072 
Buildup of fission products, Ak/k -0,002 
Irradiation growth of fuel (4% growth), Ak/k -0,011 

Heat Transfer 
Heat generation in reactor 53,5 

Core, control, and safety subassemblies , MW 53,5 
Upper and lower blanket, MW 1.5 
Inner blanket, MW " 6 1 
Outer blanket, MW 1.4 
Neutron shield, MW 0,03 

Heat generation in core 
Radial maximum-to-average power density at 

reactor center plane 2 4^ 
Axial maximum-to-average power density at 

reactor centerline \ 15 
Power density, average, MW/liter 0,735 
Power density, maximum, MW/liter 1 23 
Power density, maximum to average 1 57 
Specific power, MW 'kg 0 311 
Fuel elements, surface area , ft̂  260 
Control elements, surface a rea (in active zone), ft̂  32,4 
Safety elements, surface area , ft̂  £, ^ 
Total surface area, ft^ 299 
Maximum heat flux, Btu/(hr)(ft^) 929 QOO 
Average heat flux, Btu/(hr)(ft^) 619,000 
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